20
DFT computations were conducted as well for the systematic examination of the electronic and geometrical structure of CRM and its 7 analogues including BDMC, rendering the reactivity order of these molecules. 21 Manaia et al. 11 and Maseket al. 12 proposed the mechanism for the electrochemical oxidation of CRM involving the transfer of 4 electrons and 4 protons (4-e − /H + couple) to furnish a hexaoxo product (2) , which contains two intact MeO units (Scheme 1). Another suggested mechanism indicates the oxidation of one phenyl unit via transfer of 2e − /1H + at the expense of the MeO subgroup. 13 It was also suggested that transfer of only 1e − /1H + surprisingly leads to the oxidation of one phenyl unit to the o -quinone group in compound 4, which, however, contradicts the formation of 2 in the 4-e − /H + couple process. The subsequent two-electron/proton couple results in the oxidation of the β -carbon of enone to the carbonyl unit (5) . 22 Incorporation of water or OH − followed by elimination of MeOH was also considered as the key step. In the first step, transfer of the 1-e − /H + couple renders a phenoxy radical 6 followed by addition of H 2 O and subsequent elimination of
MeOH furnishing an α -radical 7, which is stabilized by the OH substituent and conjugate double bonds. In the last step, removal of the 1-e − /H + couple gives rise to an o -quinone substituent in compound 3. 20 , 23 Dinesh et al. 18 reported the replacement of both methoxy units with OH in the first step, E-cycling, followed by the 4-e − /H + couple transfer rendering the other hexaoxo product (9) lacking MeO subunits.
Scheme 1.
Proposed electrochemical oxidations of curcumin (CRM) [11, 12, 18, 20, 22, 23] .
In this paper, determination of the electrochemical behavior of CRM, DMC, and BDMC is realized using CV and DPV techniques systematically. The obtained products in electrolysis are analyzed by mass spectroscopic measurements and their oxidative formation mechanisms are assessed computationally. To the best of our knowledge, detailed oxidation mechanisms of curcuminoids have not been reported in the literature so far by combining experimental and computational investigations.
Results and discussion

Electrochemical investigations
Electrochemical behavior of CRM, DMC, and BDMC was investigated in different buffer solutions in the pH range of 0.3-0.3 by using CV and DPV techniques rendering the maximum responses with pH 1.5 (0.1 M) PB solution for all three curcuminoids. The electrochemical behavior of three compounds in acidic (pH 1.5), neutral (pH 7.0), and basic (pH 9.0) media is illustrated in Figure 1 . Among the three media, curcuminoids provided 836 the best peak shape and currents under acidic conditions upon applied potentials. DPV results gave similar responses for the three compounds (Supplementary data). Electrochemical investigations on CRM indicated an anodic peak I with EpaI = + 0.62 V, a well-defined anodic peak at EpaII = + 0.8 V, and an anodic wave III with EpcIII = + 1.05 V. In the second cycle scan, a new cathodic peak (IV) appeared with a low potential of EpaIV = + 0.51 V, which designates the formation of a product with a high-lying HOMO, while current intensities of anodic peaks I and II decreased. Anodic peak I and cathodic peak IV show up as reversible peaks, which might interconvert upon applying voltages. The compound formed during the process in the main anodic peak I is strongly adsorbed on the electrode surface and hence brings about an irreversible peak. These results are in good alignment with the literature studies.
13−23 The main anodic peak II, which is nearly at the same potential for CRM, DMC, and BDMC, can be attributed to the oxidation of the phenol unit, but anodic peak III is more apparent in CRM and DMC in Figure 2 by DPV technique emerging from the methoxy groups attached to phenyl rings in CRM and DMC.
In neutral media, peak potentials shifted to less positive values and well-defined peak shapes disappeared; the main peaks were converted to anodic waves in pH 7.0 (0.1 M) PB. In basic media, similar behavior was witnessed for the curcuminoids. The peak potentials shifted to lower values that indicate the deprotonation of phenolic OH units with low pKa values and consequently the increase in the energy of HOMO levels. The decrease in current values was also recorded in pH 9.0 (0.1 M) borate buffer solution. Hydronium ions increase with increasing pH values. Hence, the oxidation of protonated molecules becomes more difficult compared to the unprotonated molecules.
Electrochemical oxidation mechanisms of CRM, DMC, and BDMC are influenced by methoxy and hydroxyl substituents. Three voltammograms gave oxidation peaks at about 0.8 V attributed to the oxidation of phenolic parts (Figure 2 ). CRM and DMC also gave a third anodic peak (EpaIII) after the main peaks (EpaII). However, BDMC has only one main anodic peak (EpaI = + 0.8 V) and a reversible couple (EpcII = + 0.51 V, EpaIII = + 0.62 V) stemming from the phenolic part in the structure. The reversible couple in the BDMC response is less intense than CRM and DMC's reversible couple responses that can be related to the absence of methoxy groups in the BDMC structure. The follow-up reduction process of CRM, DMC, and BDMC brings about the corresponding catechol formation from ortho-dioxobenzene groups.
24,25
In order to observe the influence of pH on the main anodic peak (EpaII) potentials, Ep vs. pH relations were investigated by analyzing the CV and DPV for each compound, giving the CV equations below. The other significant parameter is the scan rate ( ν) , the effect of which on the main peak current (Ipa2) The slopes of 0.951, 1.11, and 1.06 confirm an adsorption controlled process on the electrode surfaces. When the scan rates were increased, the peak potentials slightly shifted to more positive values due to the irreversible behavior of the main peaks of CRM, DMC, and BDMC ( Figure 3) . 26 For the theory of stationary electrode polarography, single scan and cyclic methods were applied to reversible, irreversible, and kinetic systems ( Figure 3 ). 27 The linear relationship between the peak potential and the logarithm of the scan rate was obtained as follows:
According to Laviron, for the irreversible electrode process (Ipa2), the following equation is given:
Here, α is the electron transfer coefficient (accepted as approximately 0.5), k°is the standard heterogeneous rate constant of the reaction, n is the number of electrons transferred, v is the scan rate, E°is the formal redox 
Mass analysis
Mass analysis of CRM, DMC, and BDMC was performed by injecting the curcuminoids, which were subjected to bulk electrolysis, to disclose the oxidation products ( Figure 4 ). The spectra depicted below clearly indicate the replacement of MeO units with oxo groups, thereby furnishing the same oxidized compound (9) ( m/z : 337) with two ortho-dioxophenyl substituents.
Computation
Since all the mechanisms provided in the literature are based on assumptions, DFT computations were conducted using the Gaussian 09 program 28 to shed light on the electrochemical reaction mechanisms of CRM, DMC, and BDMC in depth. The mPW3PBE 29−31 method with conventional all-electron basis set 6-31
was applied on closed shell molecules. Unrestricted mPW3PBE/6-31 + G(d) was considered for the radicals and singlet diradicals. A self-consistent reaction field was used to incorporate solvent effect with united atom
Hartree-Fock parametrization 32 of the conductor-like polarizable continuum model (CPCM). 33, 34 Water with a dielectric constant of ε = 78.3553 was chosen as a solvent to mimic the experimental investigations. The minima were verified by analyzing the harmonic vibrational frequencies using analytical second derivatives, which lacking imaginary points (NImag = 0).
Curcumin has two tautomers, namely enol (C-E) and ketone (C-K). The enol tautomer of curcumin was calculated to be more stable than its keto form by a relative Gibbs free energy of 0.12 eV. Therefore, computational studies were started with the concurrent removal of a one-proton/electron couple from phenolic and enolic OH units of enol tautomer C-E, giving rise to radicals C-E-R1 and C-E-R2 with relative energies of 13.0 and 12.0 eV, respectively (Scheme 2). While the other resonance structure of radical C-E-R1 was found to be identical, the three major resonance structures of C-E-R2 were predicted to be C-E-R2-o (ortho, the other ortho radical is excluded), C-E-R2-p (para), and C-E-R2-allyl in a 1.0:1.1:1.5:1.1 ratio, respectively, based on spin densities.
Removal of the second proton/electron couple from phenolic OH of C-E-R2 rendered a diradical C-E-R2d higher in energy by 12.1 eV. Four resonance structures of C-E-R2d were estimated to be C-E-R2d-o (proximate to MeO), C-E-R2d-o 2, C-E-R2d-p (para), and C-E-R2d-allyl (not depicted) in a 1.3:1.4:2.0:1.5 ratio, respectively.
Sequential removal of two electrons from C-E-R2d-o provided the formation of carbocations C-E-C1 and C-E-C1d, respectively (Scheme 2). 35 Electron-donating MeO units stabilize them and render the more stable resonance structures with respect to C-E-C2 and C-E-C2d. Reaction of C-E-C1d with two equivalents of water released 2 mol of protons and MeOH, ending up with the product C-E-P1 with a relative energy of 47.4 eV. In the case of C-E-C2d, reaction with two equivalents of water and liberation of 2 mol of protons resulted in the formation of a diol C-E-C2 +2OH with a relative energy of 48.4 eV, which is in equilibrium with its less energetic catechol derivative C-E-P2-OH by 2.1 eV. Subsequent transfer of four-proton/electron couples oxidized catechol units to the high energy ortho-quinone product C-E-P2. Alternatively, two consecutive processes involving an electron transfer, addition of water, and liberation of a proton provided a diol C-E-C2 +2OH from C-E-R2d-o 2 via C-E-C2 +OH over six steps (Scheme 2).
The mechanism of the formation of product P1 was also elaborated by considering a stepwise process including the intermediate product C-E-P3 with relative energy of 23.8 eV (Scheme 3). Removal of one electron from C-E-R2-o resulted in the carbocation C-E-C4, which was treated with water, followed by elimination of a proton and MeOH furnishing C-E-P3. Removal of the one-proton/electron couple provided the radical C-E-R3, which is 12.1 eV higher in energy compared to C-E-P3. The same consecutive process was applied to obtain the product C-E-P1 via monocarbocation C-E-C5.
These computations suggested, contrary to the literature reports, 11, 12, 22 that formation of product C-E-P1 is preferred over C-E-P2, as mentioned in the recent paper of Kumar, 18 owing to the high-lying
O by a relative energy of 0.1 eV (Table S1 in Supplementary data). Formation of C-E-P1 is also witnessed by electrospray ionization mode (ESI)-mass analysis providing an m/z peak of 337 belonging to P1. Electrochemical investigations additionally demonstrated the reversible oxidation and reduction processes observed with anodic peak III and cathodic peak IV that unambiguously depict the formation of the ortho-dioxophenyl-containing product (9) and its reduction to the corresponding catechol (8) . While transfer of four proton/electron couples steered the reaction toward the formation of C-E-P1, the generation of C-E-P2, having intact MeO units, required eight proton/electron couples released from the system. Based on the computational results, the electrochemical oxidation of CRM with two MeO units, DMC having only one MeO group and BDMC lacking the MeO substituent, involves four-, six-, and eight-proton/electron couples to finalize the reaction with the formation of C-E-P1 in all three electrochemical studies.
Conclusions
Electrochemical oxidation of curcumin and its two natural derivatives was elaborated thoroughly for the first time by CV and DPV investigations. The products formed in the oxidation of all three curcuminoids were ascertained by ESI-mass analyses, indicating the formation of the same oxidized product with m/z of 337 attributed to a compound with two ortho-dioxophenyl substituents. Comprehensive DFT computations shed light on the intriguing mechanisms providing the dioxophenyl-possessing product via transfer of 4-, 6-, and 8-electron/proton couples for CRM, DMC, and BDMC, respectively.
Experimental
An AUTOLAB-PGSTAT302 (Eco Chemie, Utrecht, the Netherlands) instrument was used as an electrochemical analyzer with General Purpose Electrochemical Software 4.9. CV and DPV techniques were applied. The electrochemical cell consists of three electrodes: working, auxiliary, and reference. Bare GCE (BASi; ø: 3 mm)
is used as the working electrode, platinum wire (BASi) as the auxiliary electrode, and Ag/AgCl (BASi; 3 M KCl) as the reference electrode. All pH measurements were performed using a pH-meter, Model 538 (WTW, Austria), with a combined electrode (glass electrode and reference electrode) with an accuracy of pH ±0.05.
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